The Late Triassic freshwater ecosystems were occupied by different tetrapod groups including large-sized anamniotes, such as metoposaurids. Most members of this group of temnospondyls acquired gigantic sizes (up to 5 m long) with a nearly worldwide distribution. The paleoecology of metoposaurids is controversial; they have been historically considered passive, bottom-dwelling animals, waiting for prey on the bottom of rivers and lakes, or they have been suggested to be active mid-water feeders. The present study aims to expand upon the paleoecological interpretations of these animals using 3D finite element analyses (FEA). Skulls from two taxa, Metoposaurus krasiejowensis, a gigantic taxon from Europe, and Apachesaurus gregorii, a non-gigantic taxon from North America, were analyzed under different biomechanical scenarios. Both 3D models of the skulls were scaled to allow comparisons between them and reveal that the general stress distribution pattern found in both taxa is clearly similar in all scenarios. In light of our results, both previous hypotheses about the paleoecology of these animals can be partly merged: metoposaurids probably were ambush and active predators, but not the top predators of these aquatic environments. The FEA results demonstrate that they were particularly efficient at bilateral biting, and together with their characteristically anteropositioned orbits, optimal for an ambush strategy. Nonetheless, the results also show that these animals were capable of lateral strikes of the head, suggesting active hunting of prey. Regarding the important skull size differences between the taxa analyzed, our results suggest that the size reduction in the North American taxon could be related to drastic environmental changes or the increase of competitors. The size reduction might have helped them expand into new ecological niches, but they likely remained fully aquatic, as are all other metoposaurids.
Introduction
Metoposaurids are a group of temnospondyl amphibians particularly abundant in Late Triassic freshwater ecosystems from Laurasia and northern Gondwana. Metoposaurids were, with the exception of one genus (Apachesaurus), large-sized animals reaching 2-5 m in length (Hunt, 1993;  Europe, metoposaurids also shared these ecosystems with other temnospondyls (capitosaurs and plagiosaurs). The ecological niches of these Late Triassic groups (metoposaurids, capitosaurids, plagiosaurids and phytosaurids) are apparently well differentiated: the long, slendersnouted phytosaurs are traditionally considered to be piscivorous predators with a semi-aquatic lifestyle (Hunt, 1989; Pierce et al. 2008) . Capitosaurids were flat and broadsnouted, and usually considered to be active top predators with aquatic to amphibious lifestyles (Defauw, 1989; Damiani, 2000; Fortuny et al. 2011 Fortuny et al. , 2012 Fortuny et al. , 2016 . Plagiosaurids probably occupied different niches, well-adapted to shallow lakes or streams, and used suction feeding as the main strategy to hunt (Hellrung, 2003; Jenkins et al. 2008) . However, recent studies of Gerrothorax pulcherrimus showed that it occurred in more paleoenvironments than previously considered (Schoch & Witzmann, 2012; Sanchez & Schoch, 2013) .
The skull of metoposaurids is characteristic due to the anterolateral position of the orbits, the flat and broad snout, and thick skull bones. The trunk is mostly dorsoventrally flattened, wide, and rigid with large ribs and massive cylindrical vertebral intercentra (Sulej, 2007; Schoch, 2008) . The limbs, based on the anatomy and ossification patterns, have been hypothesized to be flippers, with each limb being able to move simultaneously in a symmetrical fashion (Sulej, 2007) . Nevertheless, the ratio between the length of the limbs and the width of the trunk (ratio of about 0.4 for Metoposaurus in the reconstruction from Sulej, 2007) compared with the proportion in plesiosaurs (i.e. a ratio of about 1.0 for Eoplesiosaurus antiquior; Benson et al. 2012 ) excludes the use of limbs as a main mode of propulsion. Histological observations of humeri and intercentra, together with morphological data, suggest that the long, laterally flattened, flexible tail acted as the main propulsion organ during swimming . This is confirmed by the presence of numerous Sharpey's fibers indicating strong muscles along the axial skeleton (KonietzkoMeier et al. 2013) . Historically, metoposaurids were considered passive -bottom-dwelling animals resting on the bottom of rivers and lakes waiting for prey using the passive 'death-trap' model (Ochev, 1966; Murry, 1989) . However, this scenario was argued against by different authors, who suggested that metoposaurids were mid-water feeders like the temnospondyl capitosaurs (Howie, 1970; Chernin & Cruickshank, 1978; Hunt, 1993) . Different morphological characters were proposed to demonstrate a more active lifestyle: the hydrodynamic shape of the metoposaurid body in longitudinal profile, the lateral placement of the orbits, and the well-developed ossification of the vertebrae (Dutuit, 1976; Hunt, 1993) . It has been also suggested that metoposaurids occupied a generalist feeder role, similar to modern crocodilians (Hunt, 1993) . However, the poor limb ossification, the development of a lateral sulci line in most metoposaurid taxa, and the histological organization and tissue type (Steyer et al. 2004; indicate that these animals were completely aquatic instead of semi-aquatic as proposed by Hunt (1993) . The only exception is Apachesaurus, which based on the poor development of lateral canals and the elongation of the intercentra, is suspected to be more terrestrial than other metoposaurids (Hunt, 1993; Sulej, 2007) .
The aim of the present study is to shed new light on the paleoecology of metoposaurids. The goals of the study are as follows: (i) test the biomechanical capabilities of metoposaurids under different biomechanical scenarios during the feeding process (including the ability to raise the skull); (ii) elucidate the ecological niche of metoposaurids in the freshwater Late Triassic ecosystems; and (iii) decipher the evolutionary history of metoposaurids. To achieve these goals, we use a comparative 3D finite element analysis (FEA) of two different taxa: Metoposaurus krasiejowensis and Apachesaurus gregorii. The large-sized Metoposaurus krasiejowensis, from the Carnian/early Norian of Europe, and the only non-gigantic metoposaur Apachesaurus gregorii, from the Norian of North America, are suspected to have had different ecological adaptations (Sulej, 2007) .
Materials and methods

Museum abbreviations
UCMP: University of California -Museum of Paleontology, USA; UOPB: University of Opole, Poland.
Digitalization
The skull (UOPB 124; 29 cm in length) of Metoposaurus krasiejowensis (Sulej, 2002) was collected in Krasiej ow (Poland) in a Keuper facies (Late Triassic). According to complex stratigraphic studies of the Upper Silesian Keuper, the bone-bearing beds have been deposited in the early Norian (Racki & Szulc, 2014; Szulc et al. 2015a,b) ; however, biochronological data uphold a Late Carnian age (Dzik & Sulej, 2007; Lucas et al. 2007; Lucas, 2015) . This specimen is part of the collection of the University of Opole, Poland (UOPB). The skull was CT scanned at the Hospital M utua de Terrassa (Catalonia, Spain) using a medical CT scanner Siemens Sensation 16. M. krasiejowensis was scanned at 140 kV and 150 mA, obtaining a 0.576 mm pixel size and an output of 512 9 512 pixels per slice with an interslice space of 0.3 mm.
The specimen is unprepared, and remains in a plaster jacket almost filled completely with sediment. Fortunately, the density of the sediment is clearly different from the bone and can easily be removed digitally using the software AVIZO 7.0 (FEI-VSG Company). The specimen includes a complete skull and, after segmentation, a 3D model of the skull was generated.
The skull (UCMP 63845, 17 cm in length) of Apachesaurus gregorii (Hunt, 1993) was collected in New Mexico (USA) in Middle Norian (Late Triassic) sediments (Hunt, 1993) . It is the holotype specimen and is part of the collection of University of CaliforniaMuseum of Paleontology, USA (UCMP). The skull was CT scanned at the Hospital M utua de Terrassa (Catalonia, Spain) using a medical CT scanner Siemens Sensation 16. A. gregorii was scanned at 140 kV and 100 mA, obtaining a 0.547 mm pixel size and an output of 512 9 512 pixels per slice with an interslice space of 0.2 mm.
The specimen is fully prepared and is nearly complete (lacking the most anterior part of the snout including the narines), but partially deformed on the left side of the skull (particularly the left orbital margin). The CT data were imported to AVIZO 7.0 (FEI-VSG company). The specimen was segmented, digitally extracting the remaining sediment in the braincase area. A 3D model of the skull was generated and imported into RHINOCEROS 5.0 (McNeel & Associates). The model was refined using mirror tool for the deformed bones using bilateral symmetry. The most anterior part of the snout was reconstructed, and the narines were digitally generated based on information from metoposaurian specimens where the most anterior part is preserved (Hunt, 1993; Schoch & Milner, 2000) .
During this last step, the irregularities in the surface that appeared due to the generation of the models when they were scanned were repaired using refinement and smoothing tools from RHINOCEROS 5.0 software (Marc e-Nogu e et al. 2015a). After a CAD conversion, the models were imported into ANSYS 16.2 software to perform FEA.
FEA
A structural static analysis was performed using the finite element package ANSYS 16.2 on a Dell Precision TM Workstation T7600 with 32 GB (4 9 8 GB) and 1600 MHz. A comparative 3D FEA was performed for two taxa in a similar procedure to previous works (Bright, 2014; Button et al. 2014; Neenan et al. 2014) . Taking into account that the material properties available from the skull of extant amphibians are not known, elastic, linear and homogeneous material properties were assumed for the bone using these values: E (Young's modulus): 6.65 GPa; m (Poisson's ratio): 0.35; and d (density): 2 g cm À3 (Currey, 1987 ; from the frontal bone of Crocodylus).
Nonetheless, these values are not essential when computing Von Mises stress in the models, if the aim is to compare the results between the two species, obtaining a comparative framework (see Gil et al. 2015 for discussion and Fortuny et al. 2015 for model limitations) . In this study, we used the Von Mises stress distribution because the Von Mises criterion is the most accurate value for predicting fracture location when isotropic material properties are used in cortical bone (Doblare, 2004) . Homogeneous properties were assumed because, when evaluating stress, the heterogeneous properties of the bone in the model closely match the results for homogeneous properties (Strait et al. 2005 ).
The skulls of M. krasiejowensis and A. gregorii were meshed with an adaptive mesh of hexahedral elements (Marc e-Nogu e et al. 2015a). The mesh of the model consisted of about 3.7 million elements and 2.6 million nodes for M. krasiejowensis, and 4 million elements and 2.8 million nodes for A. gregorii (Fig. S1 ). These meshes met the conditions defined in Marc e-Nogu e et al. (2016) , that is, a Quasi-Ideal Mesh (QIM), which allows statistical analysis of the values in the whole mesh.
Several fixed boundary conditions were used for the skull movement. The displacements at the jaw joint (contact area with the jaw) were restricted in the y-direction. In the same manner, the skull was restricted in the x-direction, relative to the vertebral column, near the double-headed occipital condyle. To simulate biting, a fixed boundary condition in the three dimensions (x, y and z) was applied in the bite location to simulate the moment that skull and mandibles contact the prey (Fig. 1 ).
Gape angles of 10°and 20°were tested (Figs 2-5 and S2). The adductor mandibulae internus (AMI), the adductor mandibulae externus (AME) and the adductor mandibulae posterior (AMP) were considered for bilateral and unilateral motion during biting, whereas the cleidomastoideus muscle (C) was considered in the skull-raising simulation. The adductor musculature reconstruction was based on previous works on different groups of temnospondyls (particularly stereospondyls), but also extant lissamphibian taxa, such as salamanders (Carroll & Holmes, 1980; Sulej, 2007; Witzmann & Schoch, 2013; Fortuny et al. 2015 Fortuny et al. , 2016 . The muscular insertion areas of AMI, AME and AMP were defined in the models in order to apply the forces of the muscular contraction during the bites. The direction of these forces was defined by the line that joins the centroid of the muscle insertion area in the skull with its corresponding insertion area of the lower jaw.
Four loading cases were analyzed ( Fig. 1 ; Table 1 ). First, a bilateral case that simulates a bilateral bite on both the left and right side of the skull (see Fig. 1 for bite position). Second, a unilateral case that simulates a bite for just one side (right side). Third, a lateral biting case that simulates a lateral loading direction to generate a within-plane lateral bend of the snout and simulates movement of the head through the water, using a rapid sideways sweep of the head during active swimming. This case is modeled by applying an arbitrary force of 100 N in the z-direction at the Fig. 1 Loading and boundary conditions used to simulate bilateral, unilateral and lateral biting, and the skull-raising system. position of the fangs in the palate in the reference model and a suitable value when scaling ( Fig. 1 ; Table 1 ). Lastly, a skull-raising case considered the motion of the skull (relative to the lower jaw) when the mouth opens, similar to a previous study that used this simulation (Marc e-Nogu e et al. 2015b). The muscular force of the cleidomastoideus muscle creates little to no displacement of the tip of the snout when the overall weight of the skull is applied.
Scaling the models
To compare the performances of structures that differ in shape and size, the values of muscular contraction pressure were calculated according to the methodology developed by Marc e-Nogu e et al. (2013) and rearranged for 3D models by Fortuny et al. (2015) . This methodology relates the volume of each specimen with the applied muscular pressures by a 2/3 power relationship and agrees with the allometric proportions of the species (Meers, 2003; Wroe et al. 2005; Attard et al. 2014 ).
M. krasiejowensis was used as the reference model B in Eq. 1, below, assuming a value of 0.3 MPa as muscular contraction pressure (Alexander, 1992) . In this manner, A. gregorii was scaled up a b c d Fig. 3 Box-plot results for scaled models under (a) bilateral, (b) unilateral, (c) lateral biting and (d) skull-raising system in Metoposaurus krasiejowensis and Apachesaurus gregorii under two different gape angles (10°and 20°). Each box corresponds to 25-75%, the whiskers correspond to 5-95%, and the cross-mark corresponds to the mesh-weighted average mean (MWAM). The median value corresponds to the line present in the middle of the box-plot.
with respect to the volume of M. krasiejowensis using only a suitable value of muscular pressure. According to that, the muscular pressure (P) is the force divided by the area of muscular insertion (MI), for each muscle, the muscular pressure (P) of both models A and B were related with the variation of the volume (V) of the skull as Eq. 1 states (Table 1) .
To scale the skull-raising system, the density of the material needs to change in order to achieve the same value of weight force applied in both models, as Eq. 2 states. The change in the equation is based on the fact that the force is given as F = gÁdÁV, keeping gravity (g) constant. It is important to mention that in elastic and linear problems, the influence of the density in the results only affects the value of the weight force, as expected here (Zienkiewicz, 1971) .
Statistical analysis
The stress distribution of the Von Mises maps for both taxa and the different cases were analyzed using the average stress values of Von Mises and presented using box-plots (Figs 3 and S2) of the stress distribution for each taxon and biting case. The use of box-plots for the stress distribution follows Dumont et al. (2005) To determine the average values of the Von Mises stress distribution of each case, the mesh-weighted average mean (MWAM) and the mesh-weighted mean (MWM) defined in Marc e-Nogu e et al. (2016) were used.
Results
The distribution and values of the equivalent Von Mises stress were recorded for both taxa and for the different biomechanical simulations analyzed. Both taxa were analyzed separately, but a scaled-up Apachesaurus was also analyzed based upon the pressure-volume relationship of the Metoposaurus model, as previously explained. All the cases were tested under two different gape angles of the mouth (10°, Fig. 2 ; and 20°, Fig. 4) . A very similar distribution pattern was obtained for both angles but with lower values for the 20°angle.
The average values with the size of the elements of the mesh weighted (MWAM, MWM) and the PEofAM and PEofM (percentage of error used to define the QIM) were recorded in Table S1 . They were calculated in two different gape angles (10°and 20°), under scaled and non-scaled models.
Feeding in Metoposaurus
The European taxon M. krasiejowensis, under a bilateral biting simulation, has low to moderate levels of stress in the whole skull (Fig. 2) . The preorbital region exhibits particularly low levels of stress, with the lowest near the narines and increasing toward the interorbital region (postfrontalposterior part of the frontals), but decreasing in the anterior part of the parietals. The areas exhibiting higher stresses (although moderate) are around the posterior part of the skull table (squamosal and supratemporal) and the cheek region (posterior part of the jugal, quadratojugal and squamosal). The anterior region of the palate (up until the orbit) has low levels of stress. The palatine displays low levels of stress, while the ectopterygoid exhibits moderate stress at the orbit level. The stresses increase posteriorly around the ventral side of the jugals, being high in the quadratojugals and quadrates. The pterygoids exhibit moderate levels of stress in the posterior ramus, but decrease in the anterior ramus. The plate of the parasphenoid shows moderate levels of stress, increasing towards the exoccipital. Lastly, the well-developed cultriform process of the parasphenoid is mainly free of stress, with a slight increase in its center.
The unilateral simulation (biting just on the right side) reveals very high levels of stress as well as different stress patterns for M. krasiejowensis in comparison with bilateral 2 AME, adductor mandibulae externus; AMI, adductor mandibulae internus; AMP, adductor mandibulae posterior; C, cleidomastoideus muscle.
biting (Fig. 2) . The preorbital region exhibits moderate to high levels of stress around the narines (particularly the maxilla), increasing around the interorbital region but also in the jugal surrounding the orbit. The posterior part of the skull also has moderate levels of stress around the frontal, squamosal and supratemporal, but stress increases to very high levels in the posterior part of the parietals and the postparietals as well as in the otic notch (posterior part of the squamosal) up to the quadratojugal. Stresses are even higher in the palate: the vomer and choana exhibit very high levels of stress, slightly decreasing to moderate levels in the palatines and ectopterygoids, but increasing to very high levels in the quadratojugal-quadrate region and most of the pterygoid. Very high stress levels are found in the plate of the parasphenoid and most of the cultriform process, as well as the exoccipitals. The last biting case simulates the movement of the skull through the water using a rapid sideways sweep of the head during active swimming (Fig. 2) . This case reveals that most of the skull exhibits low or moderate levels of stress, with the most prominent stress regions occurring in the most posterior part of the skull. The preorbital region exhibits low levels of stress, increasing only posteriorly along the orbital margins (jugal). Most of the posterior parts of the skull roof have low or moderate levels of stress, only increasing around the parietals, and particularly the postparietals and the quadratojugal. Regarding the preorbital region, the stress levels in the palate are slightly higher, mainly in the vomer and the ectopterygoid. The stress levels are higher (although only moderate) in the central plate of the parasphenoid, the posterior ramus of the pterygoid, the quadrate and the quadratojugal, as well as in some exoccipitals regions in comparison with the rest of the palate.
When opening the mouth, the stress values in Metoposaurus are very low (Fig. 2) . A few regions display a stress response: the interorbital region, increasing around the parietal-squamosal-supratemporal (bordering the otic notch) and in the palate, particularly the central part of the cultriform process, as well as the posterior ramus of the pterygoid, the plate of the parasphenoid and the exoccipitals. To a lesser extent, the anterior ramus of the pterygoid, the ectopterygoids and the vomer also have stress responses.
Feeding in Apachesaurus
The North American taxon A. gregorii exhibits very similar patterns in both the scaled and non-scaled simulations (using Metoposaurus as reference model), but differs in stress values (Figs 2, 4 and 5). When a bilateral biting is simulated, a similar pattern as in Metoposaurus was recovered, but with higher stress values (Figs 3 and S2) . In this sense, stresses in the preorbital region are reduced but present around the narines and increasing around the interorbital region, particularly in the prefrontal-postfrontal suture area and around the frontals. As in Metoposaurus, the higher stress levels are found in the posterior part of the skull (mainly the squamosal and supratemporal) and the cheek region (posterior part of the jugal and quadratojugal). Regarding the palate, the stress distribution is very similar to Metoposaurus but also comparably higher. Moderate stresses are found around the choana, ectopterygoids and the rami of the pterygoid (specially the posterior ramus), while stress is particularly higher in the quadrate-quadratojugal in comparison with the rest of the palate and moderate in the plate of the parasphenoid, being low or inexistent in the anterior part of the cultriform process and low-moderate in the central and posterior part of this process.
Under a unilateral biting simulation, the stress distribution pattern found in A. gregorii is extremely similar to Metoposaurus under the same conditions (and very similar values when scaled-up; Figs 2-5). High levels of stress are found in the narines (maxilla, in the interorbital region, and the postfrontals), as well as in the most posterior part of the skull table (postparietals) and the otic notch (mainly the squamosal), while the palate exhibits high levels around the choana and the ventral side of the postfrontal-postorbital. In the plate of the parasphenoid, but also the posterior part of the cultriform process, both rami of the pterygoids and the exoccipitals also exhibit high levels of stress.
The distribution of stress (scaled and non-scaled) for Apachesaurus to move the skull through the water, using a rapid sideways sweep of the head, during active swimming is again very similar to Metoposaurus (Figs 2, 4 and 5). The main difference is in the values (as in the bilateral case), being comparatively higher in Apachesaurus than in Metoposaurus when Apachesaurus is scaled (Figs 3 and S2) . Stresses are present in the lateral margins of the skull roof, particularly the orbital margins, the otic notch (mainly squamosal) and the postparietals, but mainly present in the quadratojugal. The palate shows moderate-high stress levels in the vomer and the ectopterygoid. In the same manner, moderate-high stresses are found in the central plate of the parasphenoid, the posterior ramus of the pterygoid, the quadrate and the quadratojugal, as well as in most of the exoccipitals.
Lastly, the skull-raising simulation in Apachesaurus shows higher stress values in comparison with Metoposaurus (Fig. 3) . In general terms (Figs 2, 4 and 5), high stress levels are present in the posterior part of the skull table (mainly the supratemporals and squamosals), which affects the parietals and the postparietals. The palate shows low stress levels in most of the vomerine plate, but stress tends to increase posteriorly. Moderate levels are present in the palatines, ectopterygoids, and particularly in the posterior ramus of the pterygoid and most of the plate of the parasphenoid and the exoccipitals. The cultriform process exhibits moderate-high levels of stress in its posterior part, decreasing anteriorly. (2015b) demonstrated that changes in orbit position and size in these early tetrapods did not affect the stress distribution, implying a high plasticity and no mechanical constraints in the orbit position and size. The anteropositioned orbits might reflect the capability of these animals to raise the head slightly above the water line to breathe or look out for potential prey or predators, as commonly done by living crocodiles and turtles.
The second character typical for metoposaurid skull that may affect biomechanical performance is the notchless/ poorly notched structure of the otic area. This structure thus deserves further explanation. In capitosaurids, the tabular horn enlargement may produce the enclosure of the otic notch (e.g. in cyclotosaurids), which acts to disperse stresses and displacements during skull raising (Fortuny et al. 2012) . The small tabular horns and poor development of the otic notches typical for metoposaurids are possibly the reasons of the higher stress found in some areas of the squamosal, supratemporal and parietals during biting (particularly bilateral case), but also during skull raising. However, the histological studies of the Metoposaurus skull show that the tabular horn, despite its small size in comparison with the rest of skull roof bones, is the most massively constructed bone among all bones that form the skull roof (Gruntmejer et al. 2016) . The thick fibers present in both internal and external cortices increase the strength of the bone, and indicate that the bone itself plays an important role in the skull mechanics (such as in bilateral biting) as well as in muscles attachment (Gruntmejer et al. 2016) .
Another variable to be considered is the morphology and area of the subtemporal window in metoposaurids. The AMP and AME are attached to this window, which is less developed in metoposaurids than in other stereospondyls. Some plagiosaurs and brachyopids have proportionally larger subtemporal windows. This is also the case of Callistomordax, a sister taxon to Metoposauridae, where the subtemporal window is particularly expanded (Schoch, 2008) . However, metoposaurids have proportionally similar subtemporal windows to trematosaurines. If Callistomordax is the ancestor of metoposaurids, as suggested by Schoch (2008) , this feature might indicate a trend towards reduction of the adductor musculature in the metoposaurid group, but further analyses are required to assess this topic.
According to Hunt (1993) , one of the synapomorphies of the metoposaurid skull is the extremely wide cultriform process of the parasphenoid. However, it should be remarked that this character is lost in Apachesaurus. The wide process is also present in other temnospondyl taxa (i.e. Sclerothorax, Plagiosaurus, Tupilakosaurus or Cyclotosaurus), but it never forms more than 75% of the medial border of the palatal vacuities, and a posterior corpus of the parasphenoid is less than twice the width of the process.
The well-developed cultriform process seems to play an important role in the functional stability of the skull based on our results. Marc e-Nogu e et al. (2015b) pointed out that during skull raising, stress concentrates at the most posterior part of the skull, which also affects the cultriform process. The important role of this structure could be closely related to the architecture of the metoposaurid skull. The metoposaurid skull, except for Apachesaurus, is relatively large, with a wide snout and a very open palatal side (interpterygoid vacuities) compared with other temnospondyl taxa. This last character is especially important because some part of the skull roof is built from relatively thin bones and not supported ventrally by palate structures (Gruntmejer et al. 2016) . In long-snouted mammals and crocodile skulls, the cultriform process seems to play the same role as the walls of the suprapalatal cavity, the palate, the premaxilla and maxilla, together with the jugal or zygomatic elements in front of the eye-holes (Preuschoft & Witzel, 2002) . These elements form a modified tube adapted to sustain and channel the stresses from the anterior to the posterior part of the skull where the set of forces is closed by the mandibular adductor muscles. In Apachesaurus, the skull is considerably smaller, thus the open areas on the ventral side are shorter and additional support is not necessary, which may possibly explain the narrower morphology of the cultriform process in this taxon. Sulej (2007) interpreted the elongation of the intercentrum of A. gregorii as an adaptation to terrestrial habitats for this taxon. However, based on our results, and awaiting analysis for further taxa, the stress patterns in both taxa are similar in all the analyzed scenarios, but values increase in Apachesaurus in comparison with Metoposaurus scaled under the same scenarios (Figs 3 and S2) .
Ecological niche of metoposaurids
Due to the absence of a secondary palate, as previously discussed for other stereospondyls (Fortuny et al. 2011 (Fortuny et al. , 2012 (Fortuny et al. , 2016 , metoposaurian skulls seem poorly suited to accommodate the high stresses associated with unilateral biting. Metoposaurids probably used two different foraging techniques for prey selection in the light of the results. On one side, and as historically suggested (Ochev, 1966; Murry, 1989) , metoposaurids probably used a sit-and wait foraging technique to hunt: resting on the floor and using a bilateral biting strategy to capture prey passing around the mouth. Our results demonstrate that under this scenario the skull has generally low levels of stress, being present just around the circumorbital region and the posterior part of the skull, demonstrating the capability of these animals to hunt using bilateral biting.
But, on the other hand, these animals were most likely also capable of active foraging and swimming, using the tail as the main propeller to search of prey, as has been argued for in previous studies (Howie, 1970; Chernin & Cruickshank, 1978; Hunt, 1993; . Based on results here, metoposaurids were also able to use a lateral strike of the head, although the presence of two occipital condyles possibly reduced their range of motion. Most of the stress present under this scenario appears on the most posterior part of the skull, particularly in the palate, possibly indicating a major role of the vertebral column (and its associated musculature).
Nonetheless, both hypotheses could be joined together: metoposaurids probably were ambush and active predators, but not the top predator of their aquatic environment. Although metoposaurids had a peculiar and differentiated niche, probably different to giant salamanders or modern crocodiles (Fortuny et al. 2016) , their capability to use both ambush and active hunting strategies, as previously suggested (Colbert & Imbrie, 1956) , probably resembles some living softshell turtles, which also use both hunting strategies (Williams & Christiansen, 1981) . Additionally, they likely could adapt to dry conditions by burrowing in mud .
Evolutionary history of metoposaurids
Metoposaur evolution is an open and debated question. The oldest metoposaur record is represented by Koskinonodon howardensis from the Early Carnian of North America and followed by the appearance of Metoposaurus diagnosticus in Europe (Sulej, 2007) . Koskinonodon, Metoposaurus and Dutuitosaurus are common in Carnian aquatic environments of North America, Europe and North Africa, respectively, only outnumbered in abundance by some phytosaur taxa. During the Late Carnian, Koskinonodon, Metoposaurus and Dutuitosaurus are still abundant, whereas Apachesaurus makes its first appearance in North America. According to Sulej (2007) , all metoposaurids belong to two different evolutionary lineages. The common ancestor for both lines is K. howardiensis. The first evolutionary line groups together M. diagnosticus, M. maleriensis, M. algarvensis and M. krasiejovensis. The second evolutionary line consists of Koskinonodon bakeri, D. ouazzoui, Ar. lyazidi and A. gregorii. The key morphological character between these two lines is the position of the lacrimal: in Metoposaurus, the lacrimal forms part of orbital margin while in Apachesaurus is excluded. Moreover, in the evolutionary line to M. krasiejowensis, the tendency to decrease the ossification of various elements has been interpreted as an adaptation to a fully aquatic mode of life. In the second evolutionary line, the opposite process can be observed, with the elongation of the intercentrum, at least in the case of A. gregorii.
The metoposaurian fossil record in Africa ends in the Early Norian and till the end of Triassic in Europe, with cyclotosaurid capitosaurs being the only other large temnospondyls found in the European ecosystems (Schoch & Milner, 2000 Brusatte et al. 2015 Szulc et al. 2015a,b) . In North America, during the Early Norian, the large Koskinonodon gradually disappears, while the small metoposaurid A. gregorii is more abundant, revealing a clear replacement during the Early Norian of large metoposaurids by smaller ones in North America (Long & Murry, 1995) . Simms et al. (1994) cited several lines of evidence indicating that conditions were globally wetter during the Carnian rather than in the Norian ('Carnian pluvial episode'). The disappearance of large temnospondyls in North America during the Norian and the reduction of the size of metoposaurids could be connected to the drastic change of the environmental conditions in this area. In Europe, the common occurrence of Cyclotosaurus together with metoposaurids and phytosaurs indicates that the lakes were large enough to offer the variability of niches to tolerate the coexistence of a few aquatic predators. The decrease in size of metoposaurids in North America could be connected with the specific adaptation to changing habitats during the Late Triassic (disappearance of the larger freshwater lakes), an increase of ecological competitors that occupied similar niches, or a combination of both. The miniaturization known as an 'island effect' is commonly known among mammals and reptiles as an adaptation when food or space is limited (see Foster, 1964; Whittaker, 1998) . The dwarfing might help metoposaurids move into new ecological niches, i.e. the very small lakes, which are not accessible for other predators due to the water volume and food potential.
Considering this historical scenario, metoposaurids tend to increase their overall body size at least during their early evolution but, later, change this strategy to reduce body size, as observed in North America with the appearance of A. gregorii. Nonetheless, the general stress distribution pattern found in Metoposaurus and Apachesaurus is clearly similar in all biting simulations. This implies that based on our results Apachesaurus was most probably more aquatic than terrestrial, as previously suggested (Hunt, 1993) , although an amphibious mode of life cannot be discarded. On one hand, the bilateral biting could be equally performed on land or under water, while Apachesaurus performs relatively well under simulated subaqueous lateral strikes and raising the skull like a trap. These are hunting behaviors that could only be performed in water, suggesting that Apachesaurus too was an aquatic predator.
In addition, it should be noted that even if Apachesaurus might be an amphibious or terrestrial animal, it may still show some biomechanical signal for aquatic lifestyle due to phylogenetic constraint, as a result of having been recently derived from an aquatic ancestry. Comparing both taxa, Apachesaurus appears to have a lower stress tolerance during feeding in all simulated cases, which may have restricted food sources to softer prey.
Conclusions
The biomechanical study of two metoposaurids using 3D FEA provided new insights to decipher the paleoecology and evolutionary history of this group of Late Triassic anamniotes. FEA results reveal similar stress patterns in both taxa. The anteropositioned orbits might reflect the capability of these animals to raise the skull above the water line. The poor development of the otic notch in metoposaurids possibly explains the stress pattern found in some areas of the squamosal, supratemporal and parietals during biting. FEA results also revealed that these animals could have used two foraging techniques to hunt: an ambush strategy using bilateral biting; and active hunting using lateral strikes of the head. Early in their evolution, during the Carnian and Norian, this group had a tendency for gigantism, but in North America, during the Norian, a size reduction occurred with the appearance of the taxon Apachesaurus. Previously, it was suggested that this size reduction was related to a more terrestrial mode of life, but the results herein reveal that this size change could have been connected with drastic environmental changes or an increase in ecological competitors. In light of our results, Apachesaurus seems to have been a predominately aquatic animal (with a potentially amphibious mode of life), but its size reduction probably restricted its potential food source.
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